Abstract: The synthesis of tetranuclear gold complexes, as tructurally unprecedented octanuclear complex with ap lanar [Au 
Following the pioneering work of the groups of Hutchings [1] and Haruta [2] on the oxidation of hydrocarbons and CO,many gold clusters and nanoparticles have been structurally characterized and studied in catalysis. [3, 4] Recently,s mall gold clusters have been found to activate the CÀIb ond of iodobenzene in the gas phase [5] and to catalyze reactions usually performed by mononuclear gold complexes.
[6] However,t he actual structures of these clusters have not been determined. In this context, it is important to note that the group of Bertrand reported the synthesis of mixed-valence trinuclear [Au 0 2 Au I ]c lusters which are catalysts for the carbonylation of aliphatic amines under homogeneous conditions. [7] As part of our program on the study of the catalytic activity of well-defined gold(I) clusters, [8] [9] with 2equivalents of [AuCl(tht)] (Scheme 1). Upon heating to 130 8 8Ci n1 ,1,2,2-tetrachloroethane,t he initial insoluble white solid gives acolorless solution, [10, 11] which was treated with 1or2equiv-alents of AgSbF 6 in MeCN at 25 8 8Ct og ive tetranuclear complexes 2 and 3,r espectively,i ng ood yields. [12, 13] The structures of both complexes were determined by X-ray diffraction, [14] which shows the two tridentate ligands trans to each other and aligned with one-unit translation. [15] In the solid state, 2 forms ad imeric [Au 4 ] 2 structure stabilized by aurophilic interactions (3.24 distance between two terminal gold atoms in each of Au 4 fragments) along with rare intermolecular Au···Cl interactions (3.38 ). [16] However,i n solution, two singlets were observed at d = 42.3 and 38.0 ppm in the 31 
P{
1 H} NMR spectrum of monomeric [Au 4 ], which has two identical P-Au-Cl and P-Au-N units.
Remarkably,when EtCN was used instead of MeCN,and the ratio of nitrile to 1,1,2,2-tetrachloroethane was reduced from 1:3.5 to 1:25, the new complex 4 was obtained and showed am ass ion at m/z 1219.3998 (calcd 1219.4228) in MALDI-TOF, which corresponds to the octanuclear {[ [17, 18] .X -Ray diffraction of 4 [14] revealed an unprecedented planar octagonal [Au 8 ] structure, [19] which is very different from those reported for mixed-valence {Au 0 Au I }octanuclear clusters.
[20] Thecomplex 4 consists of eight Au I centers bound to the next one by the bridging ligands and aurophilic interactions.A ll Au···Au contacts are within 2.81-3.00 ,t hus corresponding to bond orders on the order of 0.2 according to DFT calculations, [21] which are similar to those determined experimentally by Xray diffraction (2.80-3.08 ).
When complex 3 was dissolved in am ixture of acetone and pentane,t he complex 5a,h aving two Au-CH 2 COMe units,w as slowly formed, although for preparative purposes the reaction performed better in the presence of Ag 2 Oa s ab ase (Scheme 2). In this process ar emarkable reorganization from al inear to square-planar C 2 -chiral structure has taken place. [22] TheA u-CH 2 bond distance of 2.09 , determined by X-ray diffraction, [14] is similar to that found in other gold(I) C-enolates of acetone. [23] Thecomplex 3 also reacted with 1,3-indandione,1,3-cyclohexadienone,and Meldrumsacid to form the complexes 5b-d in good yields by C À Hf unctionalization, which showed Au À Cb onds in the 2.05-2.07 range. [14] Related CÀHf unctionalizations of methyl ketones have been observed with other gold complexes, [24] as well as with an oxo Au I -Ag I cluster. [25] To gain insight into the mechanism of this C À Hfunctionalization, we performed the reaction of 3 with Cu 2 OorAg 2 O in MeCN in the absence of carbonyl compounds.I nterestingly,the new C 2 -chiral complexes 6aand 7a,with atrapezoid pentanuclear [Au 4 M] core,w ere cleanly obtained in 68 and 75 %y ield, respectively (Scheme 3). [14] Remarkably,t he acetonitrile ligands of 3 had suffered hydrolysis by trace amounts of water, in the solvent, under unusually mild reaction conditions to form the bridged acetate ligands of 6a and 7a.S imilarly,r eaction of 3 with either Cu 2 Oo rA g 2 Oi n EtCN (HPLC grade) led to the corresponding 6band 7b with propionate bridges in 75 and 80 %, respectively.T he complexes 6a, 7a,a nd 7c were also readily obtained by reaction of 3 with copper(I) and silver(I) carboxylates in a4+ 1-type process.T he complexes 6a and 7a display significant aurophilic as well as Au-Cu or Au-Ag interactions and are the first examples in which acarboxylate ligand bridges between Au I and either Ag I or Cu I . We also tested the new complexes as catalysts for the carbonylative synthesis of ureas from primary amines under the reaction conditions reported by Bertrand with am ixedvalence trinuclear [Au 0 2 Au I ]c luster. [7] This report is significant because all other gold-catalyzed carbonylations of amines have been carried out under heterogeneous conditions. [26] Thus,a lthough the first gold-catalyzed synthesis of urea by carbonylation of aliphatic amines was performed with [AuCl(PPh 3 )], [27] under the harsh reaction conditions (200 8 8C) gold nanoparticles are actually formed. [28] Bulk gold also gives ureas via intermediate isocyanates, [29] whereas gold nanoparticles promote the cyclocarbonylation of 2-aminophenols to 2-benzoxazolinones. [30] Forour study,wechose cyclohexylamine as the substrate with the catalyst (2 mol %) dissolved in THF in av ial open to the air,a nd then 5bar of CO was introduced and maintained in alow-pressure reactor, at 60 8 8C for 24 hours.T he complexes 3, 6a,b, 7b,c gave the urea 8a in low yields (Table 1 , entries 1, 3, 4, 10, and 11). More satisfactory results were obtained using the octanuclear complex 4 (entry 2) and 7a,w hich led to 8a in an excellent 97 %y ield (entry 5). When air was replaced by pure O 2 (2 bar), 8a was formed quantitatively (entry 6). However, either no reaction or only traces of 8a were observed under strict anaerobic conditions and also when CO was replaced by CO 2 (entries 7a nd 8). Al ower yield was obtained by using toluene as the solvent (entry 9). As reported, [31] the carbonylation in the presence of AgOAc only proceeded stoichiometrically (entries 12 and 13). Nanoparticles prepared by the procedure of Hutchison [32] from different gold complexes, 1, 3, and 7a,g ave low yields of 8b,e ven when relatively high catalyst loadings were used (entries [14] [15] [16] [17] [18] [33] under the standard reaction conditions. Under the optimized reaction conditions using 7a as the catalyst, the carbonylation reaction of aliphatic amines gave rise to the ureas 8b-o in good to excellent yields,a lthough when more sterically hindered iPrNH 2 and tBuNH 2 were used, the corresponding products 8p and 8q were obtained in modest yields (lower temperatures had to be used because of the low boiling point of these amines;T able 2). In the case of n-HexNH 2 ,the urea 8b was obtained at room temperature in excellent yield. Fort he less reactive primary amines such as adamantylamine,t he formation of the intermediate isocyanate was observed by GC-MS. [34] Secondary amines such as (nPr) 2 NH are unreactive under the optimized reaction conditions,w hich is consistent with the involvement of isocyanates as intermediates.Accordingly,under the reaction conditions of the oxidative carbonylation, mixtures of nBuNH 2 and (nPr) 2 NH gave di-n-butylurea and nBuNH(C= O)N(n-Pr) 2 with 7a as the catalyst, but none of the sym- [c] Yield of the isolated product. NP = nanoparticles prepared from 1 (NP1), 3 (NP2), 6a (NP3). THF = tetrahydrofuran. metrical urea (nPr) 2 N(C=O)N(nPr) 2 was formed. [34] N-cyclohexylformamide was unreactive under the oxidative carbonylation in the presence of 7a. [34] We did not observe any induction period when monitoring the formation of 8b,from n-hexylamine over time,b y 1 HNMR spectroscopy when using 7a as the catalyst, [34] thus suggesting that the reaction occurs under homogeneous conditions.
Other experiments were performed to understand the nature of the catalyst using the carbonylation of n-hexylamine as am odel system. [35] Thus,w hen the reaction mixture was filtered after 45 minutes through aH PLC filter (PTFE 0.2 mm) and Celite, 8b was still obtained in 86 %y ield. [34] After addition of amine at the end of the carbonylation, the reaction restarted, thus forming 8b again (73 %y ield). We also isolated as mall amount of insoluble black solid in the filtration of the reaction mixture,and it did not dissolve in the presence of an amine and also did not show any catalytic activity.A lthough the mechanism for the formation of isocyanates and ureas under the oxidative carbonylation reaction is not totally clear,incontrast to that observed by the group of Bertrand, [7] no reaction of either 3, 4,or7a with CO (5 bar) was observed even after 24 hours.I nterestingly, formation of an ew species was detected upon reaction of 7a with CyNH 2 ,and it showed asingle signal in the 31 4 ] with Ag I ,which is highly catalytically active for the oxidative carbonylation of primary amines to form ureas under homogeneous conditions,w ith efficiencies comparable to other transition-metal-catalyzed processes and higher than those achieved by gold nanoparticles.W eh ave also obtained an octanuclear complex with an unprecedented and almost planar [Au I 8 ] core,and it is formally the product of a4+ 4r eaction of two [Au 4 ]c omplexes.F urther studies on the synthesis of other complexes along these lines and further mechanistic studies are under way.
